Given the proposed role of catecholamines in controlling cortical plasticity in the cat (Kasamatsu, T., J. D. Pettigrew, and M. Ary (1979) J. Comp. Neurol. 185: 163-182), we were interested in whether evidence of such control also could be found in the dorsal lateral geniculate nucleus. We undertook geniculate cell size measurements in 26 normal or monocularly deprived cats, 23 of which had been used in cortical recording studies concerned with catecholamine-induced plasticity. For animals grouped according to experimental treatments, the results can be summarized as follows: (1) injections of 6-OHDA do not appear to prevent deprivation-induced changes in geniculate cell size. (4) Older NE-treated kittens and adult cats that are monocularly deprived for a brief period either late in the critical period or after the critical period has ended do not show deprivation-induced changes in geniculate cell size in either hemisphere. (5) In younger kittens which had been first injected with 6-OHDA intraventricularly and then monocularly deprived for a brief period early in the critical period, there is no evidence to suggest that a local perfusion of NE enhances deprivation-induced changes in geniculate cell size.
The role of catecholamines in the preservation of cortical plasticity as it relates to visual form deprivation has been demonstrated by Pettigrew (1976, 1979) . When brain catecholamines are depleted in kittens as a result of intraventricular injections of 6-hydroxydopamine (6-OHDA), cortical cells become insensitive to monocular deprivation. The cortical plasticity lost as a result of intraventricular injections of 6-OHDA can be restored, however, if such cortex is perfused directly with exogenous norepinephrine (NE) (Pettigrew and Kasamatsu, 1978; NE is perfused locally into one cortical hemisphere of a 6-OHDA-treated cat, deprivation-induced changes in cortical cell physiology occur only in the NE-treated hemisphere and, even then, only in the region of the hemisphere receiving effective concentrations of NE. In kittens, such deprivation-induced changes in cortical physiology include the loss of binocularity and a shift in ocular dominance away from the deprived eye. In older animals, normally considered to be past the "critical period" of development (Hubel and Wiesel, 1970) , local perfusion of NE still restores some plasticity as evidenced by the fact that even a brief period of monocular deprivation begun at this time results in the loss of cortical cell binocularity. The situation in the older animals differs from that seen in kittens, however. In the older animals, the loss of binocularity is not accompanied by the usual shift in ocular dominance away from the deprived eye but, rather, results in U-shaped ocular dominance distributions, with many cells still being controlled by the deprived eye.
In light of these changes in cortical cell physiology following a brief monocular deprivation, we were interested in whether structural changes occurred in the lat- Vol. 2, No. 6, June 1982 eral geniculate nuclei (LGN) of these same animals. Specifically, we were interested in (1) whether intraventricular injections of 6-OHDA or local perfusions of NE had any effect on geniculate cell size in visually normal animals, (2) whether intraventricular injections of 6-OHDA would prevent deprivation-induced changes in geniculate cell size, and (3) whether the restoration of cortical plasticity resulting from local perfusions of NE is reflected in changes in geniculate cell size.
Materials and Methods
The lateral geniculate nuclei from 26 cats were studied. Twenty-three of these cats had been used in electrophysiological investigations of catecholamine-induced cortical plasticity , allowing direct comparisons between the physiological and anatomical results. To facilitate such comparisons, the same identification numbers used in the physiological studies also are used here. Three of the animals were used only for geniculate cell size measurements and were not included in the prior recording studies.
Blocks of tissue containing both lateral geniculate nuclei, coded to conceal animal identification, were kindly provided by Dr. Takuji Kasamatsu (Division of Biology, California Institute of Technology, Pasadena, CA). Each block was processed routinely for celloidin embedding. Coronal sections were cut at 40 pm and stained with cresyl violet. In each nucleus, the cross-sectional areas of 200 cells were determined (see Hickey et al., 1977 , for details of the cell measurement procedures). Cells were measured in the binocular segment of lamina A and lamina A1 at a rostrocaudal level corresponding to a region just anterior to coronal plane 5 (anterior 6.5; Sanderson, 1971) . Coronal sections through this part of the nucleus represent a region in the visual field 2' to 5" below the horizontal meridian. Likewise, the mediolateral location of the cells sampled in lamina A and lamina A1 (8.5 to 9 mm lateral) corresponds to a region in the visual field 2' to 5' off of the vertical meridian (Sanderson, 1971) . Based on a conservative estimate of 5 mm for the spread of locally perfused NE (see Kasamatsu et al., , 1981 , for details concerning the evidence that supports such an estimate) and on the stereotaxic coordinates given by these authors coupled with the cortical maps provided by Tusa et al. (1978) , we are confident that the geniculate cells measured projected to regions of the visual cortex receiving effective concentrations of NE. When 6-OHDA is injected into the ventricle, it is assumed that geniculate, as well as cortical, cells in both hemispheres are exposed to this chemical agent .
Descriptions of the experimental conditions are provided as the findings for each group of animals are presented and in summary form in Figure 1 . Describing the various experimental treatments in this way makes it easier to relate changes in geniculate cell size to the previously reported changes in cortical cell physiology . treatments for the animals used in this study. Each block containing 3 or more animals corresponds to an experimental group (also see Table I ). outlined in Fig. 1 . Each of these animals was sacrificed at the end of the recording session). To facilitate comparisons between the anatomical and physiological results, a brief summary of the main physiological findings for each group of animals is presented. Some aspects of the experimental treatments were held constant, however, and can be described once for all animals. All lid suturing was done for the right eye all intraventricular injections of 6-OHDA were made in the right lateral ventricle, and all local perfusions of NE were made in the left hemisphere. In all but 1 (R2) of the catecholamine-treated animals that received both 6-OHDA and NE, a local perfusion of vehicle solution (0.4% ascorbate in normal saline, pH 3) was made in the right, control hemisphere at a point corresponding to the site of the NE perfusion in the left, experimental hemisphere. Three of the animals (TB, TC, and TD) did not receive any experimental (drug) treatments but did receive 1 week of monocular deprivation beginning in the 6th week of postnatal life and were sacrificed at the beginning of their 7th week of life. These animals provide previously unavailable data on the deprivation-induced changes in geniculate cell size that occur following only 1 week of lid suture. Other information about the animals and experimental treatments can be found in Figure 1 (also see . Since the 3 monocularly deprived kittens just described did not undergo any additional experimental treatments, we have not included them in Figure 1 . The average cross-sectional area of cat geniculate cells can vary tremendously even in similarly aged animals (for example, see Hickey, 1980) . Such variability makes comparisons between individual animals risky at best. A (Guillery, 1973; Kalil, 1978; Hickey, 1980) , we find that normal lamina A1 cells are, on average, 10.39 + 0.7% (SE) larger than normal binocular segment lamina A cells in the same nucleus. Following monocular deprivation, lamina A cells contralateral to the deprived eye and lamina A1 cells ipsilateral to the deprived eye are reduced in size. Thus, in most instances, monocular deprivation changes the cell size relationship in both hemispheres and the relative magnitude of the change in each hemisphere can indicate on which side of the brain the cell size changes have occurred.
Results
Normal cats receiving either 6-OHDA or NE. Two normal adult cats (S6 and S12) and 3 normal kittens (S7, TJE3, and Silver I) (see Fig. 1 ) received either intraventricular injections of 6-OHDA (TJE3 and Silver I) or local perfusions of NE (S6, S7, and S12). In terms of their cortical cell physiology, these 5 cats appeared normal, with the only exception being a decrease in the proportion of cells dominated by the ipsilateral eye in the NEtreated animals Kupperman and Kasamatsu, 1979) . When geniculate cells were measured in these animals, the average size of the cells in the different laminar regions did not vary appreciably between hemispheres (p = 0.32 for lamina A cells; p = 0.49 for lamina A1 cells).
Deprived but otherwise untreated kittens. Three kittens (TB, TC, and TD, not shown in Fig. 1 ) underwent 1 week of monocular deprivation beginning in the 6th week of life. None of these kittens underwent any additional experimental treatments and none were studied electrophysiologically. The changes in geniculate cell size in these animals were consistent with those generally reported for deprived cats. Lamina A cells contralateral to the sutured eye were, on average, 14% smaller than cells in the ipsilateral (nondeprived) lamina A (p = 0.01). Likewise, lamina A1 cells ipsilateral to the sutured eye were, on average, 10% smaller than the contralateral (nondeprived) lamina A1 cells (p = 0.05; see Table I ). In terms of the cell size relationships between laminae within each nucleus, in the left hemisphere of these kittens, the nondeprived lamina A1 cells were, on average, 20.8% larger than the deprived lamina A cells; in the right hemisphere, on the other hand, the deprived lamina A1 cells were, on average, 6.8% smaller than the nondeprived lamina A cells.
Deprived cats receiving NE. One g-week-old kitten (S2), 3 13-week-old kittens (S4, S8, and S9), and 4 adult cats (Sl, S5, SlO, and S13) were monocularly deprived for either 1 week (Sl, S4, and SB), 2 weeks (S5, S9, and SlO), or 3 weeks (S13) during which time they received continuous local perfusions of NE (see Fig. 1 ). Although even the youngest of these animals (S2) was well past the most sensitive part of the "critical period" (Hubel and Wiesel, 1970 ; also see "Discussion"), cortical cell recordings showed a decrease in binocularity in the experimental, NE-treated hemisphere after as little as 1 week of monocular deprivation. However, the resulting U-shaped ocular dominance distributions indicate that, even in the experimental hemisphere of these animals, the deprived eye maintains control over many cortical cells. Accordingly, no changes in cortical cell binocularity were found in the untreated, control hemisphere when the concentration of the NE perfused into the experimental hemisphere was kept low. The average sizes of the cells in the deprived and nondeprived laminae are shown in Figure 2 . On average, geniculate cell size is not affected by monocular deprivation (p = 0.20 for lamina A cells; p = 0.07 for lamina A1 cells) in the NE-treated older kittens and adult cats (see Table I ). Since these animals exhibited U-shaped ocular dominance distributions, indicating that the deprived eye still maintained control over many cortical cells, it is not surprising that geniculate cell size changes did not occur.
Deprived kittens receiving both 6-OHDA and NE. A total of 8 monocularly deprived kittens received intraventricular injections of 6-OHDA along with (R2, R3, R6, and R18) or immediately followed by (R7, R8, R12, and R17) local perfusions of NE into the left hemisphere (see Fig. 1 ). In addition, each of these cats (except animal (Sl, S2, S4, S5, S8, S9, SlO, and S13) were monocularly deprived (right eye) for 1 to 3 weeks during which time they received continuous local perfusions of NE in the left hemisphere. R2) received a local perfusion of the vehicle solution in the right, control hemisphere. In general, these animals showed a loss of binocularity and dramatic shifts in ocular dominance away from the deprived eye for recordings made in the experimental, NE-treated hemisphere. Recordings made at similar points in the control hemisphere appeared normal when the concentrations of the NE in the experimental hemisphere were kept low. Figure 3 shows that cells in the deprived laminae of these cats were, on average, smaller than cells in the corresponding regions of the nondeprived laminae, although these differences reached significance only for lamina A1 cells ( p = 0.18 for lamina A cells; p = 0.006 for lamina A1 cells; see Table I and "Discussion"). Comparisons of the cell size relationships between laminae A and A1 in each hemisphere indicate that changes in this relationship occurred in both hemispheres. In the right hemisphere, deprived lamina A1 cells were, on average, 1.5% smaller than nondeprived lamina A cells, whereas, nondeprived lamina A1 cells in the left hemisphere were 22.8% larger than the deprived lamina A cells in the same nucleus. Relative to the A-AI cell size relationship seen in normal animals, the relative sizes of the A laminae cells in each LGN of these animals suggest that the deprivation-induced changes in geniculate cell size were about equal in both hemispheres (12.41% change in the left hemisphere and 11.89% change in the right hemisphere). deprived kittens receiving intraventricular injections of 6-OHDA also received local perfusions of NE in the left, experimental hemisphere. In general, the physiological experiments undertaken in these animals showed a breakdown in binocularity and a dramatic shift in ocular dominance away from the deprived eye for recordings made in the NE-treated hemisphere but not, usually, for recordings made in the control hemisphere. However, when changes in geniculate cell size are considered, deprived cells are found to be significantly smaller than their nondeprived counterparts only in lamina A, ipsilateral to the deprived eye (i.e., in the control hemisphere) and not on the side of the brain exposed directly to the NE. These anatomical findings suggest that the protection from the effects of brief deprivation afforded cortical cells as a result of the depletion of catecholamine terminals by 6-OHDA does not extend to geniculate cells.
Is the restoration of cortical plasticity brought about by NE also reflected in deprivation-induced changes in geniculate cell size? For the most part, the answer to this question must be no. In the electrophysiological experiments described by , NE restored, in part, plasticity lost either as a result of age or as a result of prior, intraventricular injections of 6-OHDA. The partial restoration of plasticity in older kittens and adult cats is not accompanied by any significant changes in geniculate celI size. In younger kittens, the restoration of physiological plasticity in the experimental hemisphere is measured against a background condition (control hemisphere) brought about by the prior 6-OHDA treatment. Since we must assume, at least for the present, that 6-OHDA does not prevent deprivation-induced changes in geniculate cell size and since 1 week of monocular deprivation does result in significant changes in geniculate cell size, the question becomes whether NE enhances such changes. Our present findings do not provide any strong support for such an enhancement. Rather, the cell shrinkage in both the experimental and control hemispheres is well within the range of what might be expected based on our findings in the 3 monocularly deprived, but otherwise untreated, kittens (TB, TC, and TD) .
Relationship between changes in geniculate cell size and changes in cortical physiology. In general, the deprivation-induced changes in geniculate cell size reported here do not parallel the changes in cortical cell physiology that took place in these same animals . For example, comparisons between the deprivation-induced anatomical and physiological changes occurring in monocularly deprived kittens treated with both 6-OHDA and NE (see Fig. 3 ) suggest inconsistencies. In these animals, significant changes in geniculate cell size did not occur in the left, NE-treated hemisphere even through varying degrees of physiological change were evident in the left visual cortex. In addition, changes in geniculate cell size did occur in the control hemisphere, even in the absence of any physiological changes in cortical cell binocularity or ocular dominance.
There are other examples of changes in cortical cell physiology either not being reflected in geniculate cell size at all (Kalil, 1980 ; LeVay et al., 1980; Geisert et al., Vol. 2, No. 6, June 1982 1980) or only being reflected in geniculate cell size after a delay of several weeks (Spear and Hickey, 1979; however, see Diirsteller et al., 1976) . There is evidence here and elsewhere (for example, see Hubel and Wiesel, 1970; Wan and Cragg, 1976; LeVay et al., 1980) to show that 1 week of lid suture can result in quite obvious anatomical changes in the visual system, if the deprivation is begun early. However, the time of onset of the lid suture is a critical factor since short periods of deprivation are not as effective when begun late in the "critical period" (for example, see Blakemore and Van Sluyters, 1974; LeVay et al., 1980) . This fact most likely accounts for the lack of any statistically significant deprivation-induced geniculate cell size changes in the older deprived kittens and adult cats that received NE (see Fig. 2 ). Since each of our 3 monocularly deprived but otherwise untreated kittens (TB, TC, and TD) showed deprivation-induced changes in geniculate cell size following only 1 week of lid suture, it is difficult to argue that the duration of the lid suture alone was a limiting factor for all animals. In many of the animals, however, the duration of the deprivation may have interacted with the time of its onset in such a way as to limit, or abolish, deprivation-induced changes in geniculate cell size. In many of the animals studied here, the period of time during which short term monocular deprivation could induce changes in geniculate cell size may have either ended or have been nearing completion at the time the lid suturing took place. In the monkey, there is evidence to suggest that deprivationinduced changes in cortical physiology can occur even after this period of anatomical susceptibility has ended (LeVay et al., 1980 ). Norepinephrine appears to play a role in enhancing, or restoring, this cortical level plasticity that seems to outlive the "critical period" for deprivation-induced structural changes in the lateral geniculate nucleus.
Since the anatomical data presented here is, for the most part, limited to animals used in prior electrophysiological studies, it is possible that further studies would alter some of our conclusions. For example, changes in cortical physiology vary depending upon the concentration of the NE present. It is possible that animals receiving more concentrated NE, animals receiving NE for longer periods of time, or animals receiving NE applied directly to the LGN might show changes in geniculate cell size that more closely parallel changes in cortical physiology.
